Three novel solar thermal collector concepts derived from the linear Fresnel reflector (LFR) are developed and evaluated through a multi-criteria decision-making methodology, comprising the following techniques: Quality Function Deployment (QFD), the Analytical Hierarchy Process (AHP) and the Pugh selection matrix. Criteria are specified by technical and customer requirements gathered from Gujarat, India. The concepts are compared to a standard LFR for reference, and as a result, a novel 'Elevation Linear Fresnel Reflector' (ELFR) concept using elevating mirrors is selected. A detailed version of this concept is proposed and compared against two standard LFR configurations, one using constant and the other using variable horizontal mirror spacing. Annual performance is analysed for a typical meteorological year. Financial assessment is made through the construction of a prototype. The novel LFR has an annual optical efficiency of 49% and increases exergy by 13−23%. Operational hours above a target temperature of 300°C are increased by 9−24%. A 17% reduction in land usage is also achievable. However, the ELFR suffers from additional complexity and a 16−28% increase in capital cost. It is concluded that this novel design is particularly promising for industrial applications and locations with restricted land availability or high land costs. The decision analysis methodology adopted is considered to have a wider potential for applications in the fields of renewable energy and sustainable design.
Nomenclature

AHP
Angle in the transversal plane
Introduction
Since initial attempts to convert solar energy for the purpose of steam generation in the mid 19 th century (Kalogirou, 2004) , only comparatively recently has there been a renewed interest in concentrating solar power (CSP) technologies. A CSP technology is formed from a concentrator and receiver assembly (Duffie and Beckman, 2006) . The concentrator usually comprises mirrors to focus solar radiation onto a receiver. The receiver consists of an absorbing target to transfer concentrated energy, typically, to a heat transfer fluid. A range of different solar collectors with varying concentrator and receiver configurations is available on the market today; however, their designs have remained relatively unchanged since their conception.
The solar thermal collector which forms the focus of this paper is the linear Fresnel reflector (LFR), also known as the linear Fresnel collector (LFC). The LFR is considered to be particularly promising among CSP technologies as it benefits from a relatively simple and inexpensive design. In comparison to the more commonly implemented parabolic trough collector (PTC), which uses large parabolically shaped reflectors and a moving receiver, the LFR employs long, thin, low profile mirror elements, spaced horizontally and located close to the ground at vary distances from a central tower, thus minimising structural requirements and wind loads. Located at the top of the receiver tower is a fixed absorber, therefore removing the need for flexible high pressure pipe lines (Figure 1 ). Yet, as the LFR has less energy capture than the PTC and other CSP technologies, the need for improvements is still considered to be significant, particularly in raising the annual optical efficiency (Morin et al.) . The LFR principle was first developed by Baum et al. in 1957 , and later applied by Giorgio Francia in 1961, who designed both linear and two-axis tracking Fresnel reflectors (Baum et al., 1957; Francia, 1968; Kalogirou, 2004) . In 1979 a large scale project was initiated by the U.S Department of Energy for a 10 MWe and 100 MWe power plant during the oil crisis, but these never came to fruition due to a lack of funding (Kalogirou and Knovel, 2009 A major difficulty with the LFR is shading and blocking from adjacent mirror elements which reduces annual optical efficiency. Increasing the spacing between mirrors or height of the receiver tower helps to reduce these effects, but can increase land usage and costs.
Optimisation of the LFR mirror spacing arrangement to maximise power output whilst minimising capital costs has been analysed in a cost-exergy study (Nixon and Davies, 2011) .
Optimisations of the LFR performance through varying the mirror width, shape, spacing, and number of mirror elements have also been reported (Barale et al., 2010; Chaves and CollaresPereira, 2010; Häberle, 2004; Häberle et al., 2002; Morin et al., 2008; Singh et al., 1999; Singh et al., 2010b; Sootha and Negi, 1994; Velázquez et al., 2010) . This paper differs from those earlier studies in that novel LFR concepts, which do not necessarily conform to the standard LFR design, are developed and compared.
To arrive at these novel concepts, structured design methods are used, in particular Quality Function Deployment (QFD). QFD originated in the late 1960s and early 1970s in Japan and since then has grown in popularity for use in a number of industries including automotive, software development, steel and electronics (Chan and Wu, 2002) . QFD is a method that enables user demands to be transformed into design quality, priorities and targets (Akao, 1990) . Researchers have suggested the use of QFD to ensure environmental awareness in product design (Masui et al., 2003) and for market strategy decision making for new housing developments (Dikmen et al., 2005) . More recently QFD has been applied to the design of building integrated photovoltaic systems (Paul et al., 2008) . So far, however, there have been very few (if any) references to the use of QFD in the field of solar thermal energy.
The primary and most significant tool in QFD is the 'House of Quality' (HoQ), which translates customer requirements into engineering characteristics i.e. technical requirements. concept, and is commonly used in engineering decision making to score new design concepts against a baseline design. Individual design criteria are simply rated as better or worse for each new concept; the design with the highest score is then considered the best to pursue.
QFD provides an objective approach to assigning an importance to the selection criteria. A joint US Air Force/NASA program to produce a heavy lift launch vehicle used the Pugh concept selection matrix with QFD for the selection of a new fuel turbo pump, comparing two different designs with a baseline concept (Butler, 1993) ..
In the field of sustainable energy and manufacturing, several authors have used MCDM tools for system selection and cleaner production: Lozano-Minguez et al. (2011) (Akao, 1990; Pugh, 1991; Saaty, 2008) .
The aim of this paper is to develop a novel LFR and thus improve on the standard LFR design in response to customer (and not purely technical) requirements. For the purpose of demonstrating the research methodology adopted, the region of Gujarat, India, has been chosen as a case study given the region's energy poverty and abundance of solar energy which is vastly underutilised. The objectives to accomplish this are as follows:
1. Using a multi-criteria decision-making methodology (QFD, AHP and Pugh), develop and select a novel LFR concept based on requirements (i.e. criteria) arising in Gujarat, India. Analyse the technical performance of a detailed design of the selected concept and an equivalent standard LFR design for comparison.
2. Construct a prototype of the novel LFR design to establish monetary values for comparison to standard design.
3. Evaluate the benefits and drawbacks of the novel design compared to the standard design, with reference to original customer and technical requirements.
4. Evaluate the effectiveness of the decision-making method in terms of incorporating customer and technical requirements, thus improving total quality.
The following section outlines a methodology that has been developed to achieve these objectives. Section 3 describes the creation of a house of quality matrix. In section 4, several novel LFR concepts are proposed and ranked in order of preference. The most preferred concept is finalised and analysed in detail in Sections 5 and 6. The paper concludes by discussing the developed methodology and implications and benefits of the new LFR design.
Methodology
The methodology used to reach these objectives will now be outlined.
(i) Construction of the House of Quality:
As in all QFD approaches, the customer requirements (WHATs i.e. what the customer wants)
are collected for use in the HoQ. In this paper results from an AHP study, to identify the best CSP technology for Gujarat, India, are used to generate WHATs and their importance.
Technical requirements (HOWs) for how the WHATs will be satisfied are also determined.
The main outputs from the completed HoQ are technical priorities (weightings) for each HOW for the design of a novel LFR. Technical targets, limits and difficulties are also specified to develop product specifications.
(ii) Concept development and selection:
Three concepts for a novel LFR are developed. A Pugh matrix is completed by scoring the technical requirements as better or worse in each concept in comparison to a reference baseline LFR design. To arrive at a final overall ranking, the HoQ technical priorities are assigned to the Pugh matrix and the LFR design with the highest total score is selected.
(iii) Finalized design of selected concept:
A detailed design of the selected novel LFR concept is developed, while targets and limits are maintained based on those specified in the HoQ.
(iv) Detailed analysis of selected LFR with standard design:
The novel design is analysed through the use of ray-tracing to enable annual performance to be predicted over a typical meteorological year (TMY) for the region of Gujarat, India.
Performance results include exergy per total mirror area, operational hours above a target operating temperature, net heat transfer to receiver and annual optical efficiency. The annual performances of two standard LFRs are also analysed for comparison. Financial results are determined through the construction of a prototype; and upper and lower land costs are researched for Gujarat. Capital costs and achievable cost per exergy among the final designs are evaluated and compared.
Construction of the House of Quality
The customer requirements were extracted from importance weightings attributed by a panel of solar energy specialists working at the Solar Energy Centre in Delhi, India. This panel was convened for an earlier AHP study, which was reported by the authors in Ref. (Nixon et al., 2010) . The panel weighted a series of technical, financial and environmental criteria applicable to the selection of the preferred CSP technology for use in India, and a pair-wise comparison matrix was completed to arrive at individual relative weightings (Figure 2 ).
Criteria from the aforementioned AHP study that relate to WHAT the customers want were identified as ease of operation and high heat quality, which relate directly to use of standard parts and a high concentration ratio, reliability, land usage, cost of operations and capital cost.
The relative weightings were used to assign a low (1), medium (3), and high (9) importance, g m , to the WHATs, W m , ( Table 1) . The technical requirements provided from the AHP results were expanded to include additional HOWs, H n , deemed necessary for the design of a novel solar collector for India. An additional input to the HoQ was included to reflect an improvement factor, u m , given by the ratio of the 'future product' rating, a m , to 'current product' rating, x m . A standard LFR was scored against the customer requirements, and compared to a target score for a novel design. A final overall weighting, f m , was formed from the product of the customer's importance score and the design improvement factor. .
To complete the HoQ relationship matrix, each HOW was scored against each WHAT on whether there was a weak (1), medium (3), or strong (9) relationship. The correlation matrix was omitted for simplicity. The importance, t n , of each technical requirement was established by multiplication of each value in the relationship matrix, r mn , , by the respective overall weighting and totalling the scores for each technical requirement (Chan and Wu, 2005) . A relative technical priority was established through normalisation. The completed HoQ included a target or limit and a technical difficulty for each HOW (see Figure 3) .
The HoQ identified the most important customer requirement to be land usage with an overall weighting of 14, followed by the capital cost with a weighting of 6.8. Ease of operation was Each score was then multiplied by the corresponding technical priority and totalled to provide a final weighted ranking. Among the alternatives the 'Elevation' concept, henceforth referred to concisely as the Elevation Linear Fresnel Reflector (ELFR), received the highest weighted ranking (see Table 2 ). 
Finalised design of selected concept.
A final ELFR design using 8 mirror elements, each 250 mm wide and spaced 260 mm apart (10 mm gap), was chosen to satisfy the specified targets and limits. This formed a single LFR unit 4 m in length. A secondary compound parabolic concentrator (CPC) at the receiver aperture was also chosen to maintain the capture of rays from the collector extremity for changing element focal distances. Through the use of a CPC the width of the receiver's absorbing target was reduced, thus overcoming the disadvantage of using wide flat mirror elements. The target absorber was a 63.5 mm diameter pipe located at a height of 5 m, with a truncated CPC so the receiver was not oversized. This provided the target concentration ratio of 30 as specified in the HoQ. To simplify the construction of a prototype the receiver was positioned at the maximum practical height of 2.5 m, resulting in a receiver absorbing target width of 152.4 mm; thus, three 63.5 mm pipes were selected (see Figure 5 ). The detailed design method for a CPC can be found in the literature and is therefore not presented here (Duffie and Beckman, 2006; Welford and Winston, 1989 ). 
Where Q, the net heat transferred to the outer surface of the receiver's target, at a temperature T r , which is given by: *
where Q Loss is the heat loss to ambient (temperature T a ) and depends upon the receiver configuration. Thermodynamic calculations for two commonly employed receiver types (non-evacuated insulated pipe(s) with cover glazing, and evacuated tube) are given in the solar literature (Duffie and Beckman, 2006; Singh et al., 2010a) . Heat transferred to the receiver, Q in *, is a product of the direct solar irradiance (DNI) on the collector's total mirror area, A m , the optical efficiency at normal incidence, η 0 (0=θ), and the incidence angle modifier (IAM), which accounts for the optical performance for varying solar ray incidence angles.
Collector end losses are not considered. * . 0 .
The optical efficiency and the IAM includes factors such as the reflectance, transmittance, absorbance, intercept factor, shadowing, blocking, effective mirror aperture area, and incidence cosines for each mirror element . The individual mirror element elevation required throughout operation to remove shadowing, es n , can be approximated from the corresponding width, W, slope angle, θ n , and shift, S n (the horizontal gap between adjacent mirror elements).
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Where the sun's height is represented by the profile angle, θ p , which is the angle projected onto a plane perpendicular to the mirror tracking axis, formed between an approaching sun vector and the plane containing the axes of rotation of the mirrors (see Figure 7) . Equations relating to sun-earth geometry calculations are not presented (Muneer et al., 2004; William et al., 2001) . With a change in elevation an iterative process is required to calculate the correct slope angle. Depending upon the LFR geometry a narrow spacing arrangement may result in blocking of reflected rays from adjacent mirrors. The elevation to removing blocking is estimated by: 2 2
where h is the height of the receiver and Q n is the horizontal distance from a mirror element to the receiver tower (see Figure 8 ). The tracking arrangement from sunrise to sunset for the ELFR is shown in Figure 9 . The LFR shows a bi-axial dependency in relation to the direct solar incidence angle (Duffie and Beckman, 2006) . A bi-axial IAM(θ t ,θ l ) was therefore used in this study, which includes an angle modifier for rays in the transversal plane IAM(θ t ) (i.e. the vertical plane perpendicular to the rotation axes of the elements), and longitudinal plane IAM(θ l ) (i.e. the vertical plane parallel to the rotation axes of the elements) (McIntire, 1982) . Bi-axial IAMs are typically calculated using ray-tracing (Nixon and Davies, 2011 ). An estimate for the total optical efficiency is based on a product of IAM(θ t ) and IAM(θ l ), determined by projecting the solar incidence angle into the transversal and longitudinal planes respectively.
An incident angle dependent optical efficiency enables hourly stagnation temperatures, T r,max , to be calculated. The stagnation temperature is reached when heat loss to the surroundings becomes equal to incoming radiation.
